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Abstract

Obtaining high-quality materials, based on nanocrystals, at low temperatures is one of the current challenges for opening new paths
in improving and developing functional devices in nanoscale electronics and optoelectronics. Here we report a detailed investiga-
tion of the optimization of parameters for the in situ synthesis of thin films with high Ge content (50 %) into SiO,. Crystalline Ge
nanoparticles were directly formed during co-deposition of SiO; and Ge on substrates at 300, 400 and 500 °C. Using this approach,
effects related to Ge—Ge spacing are emphasized through a significant improvement of the spatial distribution of the Ge nanoparti-
cles and by avoiding multi-step fabrication processes or Ge loss. The influence of the preparation conditions on structural, elec-
trical and optical properties of the fabricated nanostructures was studied by X-ray diffraction, transmission electron microscopy,
electrical measurements in dark or under illumination and response time investigations. Finally, we demonstrate the feasibility of
the procedure by the means of an Al/n-Si/Ge:SiO,/ITO photodetector test structure. The structures, investigated at room tempera-
ture, show superior performance, high photoresponse gain, high responsivity (about 7 AW™), fast response time (0.5 us at 4 kHz)
and great optoelectronic conversion efficiency of 900% in a wide operation bandwidth, from 450 to 1300 nm. The obtained
photoresponse gain and the spectral width are attributed mainly to the high Ge content packed into a SiO, matrix showing the direct
connection between synthesis and optical properties of the tested nanostructures. Our deposition approach put in evidence the great
potential of Ge nanoparticles embedded in a SiO, matrix for hybrid integration, as they may be employed in structures and devices
individually or with other materials, hence the possibility of fabricating various heterojunctions on Si, glass or flexible substrates

for future development of Si-based integrated optoelectronics.

1492


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:stavarache@infim.ro
http://dx.doi.org/10.3762%2Fbjnano.7.142

Introduction

In the recent years, much attention was directed to study quan-
tum confinement in nanostructures. Through the influence of
quantum confinement on the electrical and optical properties
new paths to improving and develop functional devices in nano-
scale electronics and optoelectronics can be opened. This is
closely related to the increase of high-speed operation, good
reliability, low power consumption and the decrease of unit
price that led to the rapid development of the semiconductor
device market and to the continuous downscaling of devices.
Regarding the downscaling process, high mobility, good
process compatibility with the well-developed CMOS technolo-
gy, and the extension of the photosensitivity range to the near-
infrared (NIR) are the properties that make devices based on Ge
nanoparticles (Ge-nps) promising candidates to substitute or to
improve the conventional Si-based devices [1-7]. However, due
to the lower binding energy of Ge atoms in comparison to Si
atoms, Ge-nps can be formed in samples annealed at signifi-
cantly lower synthesis temperatures of 600-900 °C compared to
around 1100 °C for Si [8,9].

Regarding an application at the nanoscale, problems related to
the indirect bandgap issue of Ge-based materials are partially
overcome, but the difficulty of controlling size and shape of the
nanoparticles still remains. New approaches for fine-tuning the
size and shape of nanoparticles would facilitate the under-
standing of their quantum confinement behavior and a more
accurate evaluation of their performance. For example, the elec-
trical behavior and spectral response of nanostructures based on
Ge-nps depend not only on the Ge-nps size but also on the
embedding matrix [10], the density of the nanoparticles [11],
the presence of surface or interface states [12], the amorphous
or crystalline state of the nanostructure [13], the shape of the
nanostructure and whether or not it is layered [14]. Taking into
account the influence of all these factors, the conduction or light
absorption mechanism in the nanostructures appear to be quite
complex, and it cannot be fully described only through Ge-nps

size.

Ge-nps embedded in different dielectric matrices (e.g., SiO,,
SizNy4 or HfO,) have been already used for fabrication of high-
efficiency photodetectors [15], multilayer memory devices [16]
and other applications as solar photoconversion cells [17],
batteries [18] and biosensors [19].

To produce high-quality Ge particles packed into different
matrices, various approaches are reported in scientific papers
such as pulsed laser deposition [20,21], sol-gel [22], evapora-
tion under vacuum [23], chemical vapor deposition [24], micro-
wave-assisted heating [25], implantation [26], RF magnetron

sputtering [27]. However, for most of these approaches, ther-
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mal treatments were necessary after the deposition process in
order to obtain high-quality nanostructures based on crystalline
Ge [28].

The most important parameter to be finely tuned is the sub-
strate temperature during deposition. The formation of Ge-nps
is much more difficult than that of Si nanoparticles due to the
larger diffusivity of Ge at high temperatures. GeO, is thermody-
namically less stable than SiO, and the formation of GeO (gas)
leads to the decrease of Ge concentration in the host matrix, a
higher concentration of defect states and a mechanical stress in-
duced in the system by the difference between the thermal
expansion coefficients of Ge and SiO, and the large lattice con-
stant of Ge [29-32]. The high temperature used for the synthe-
sis excludes the use of low-cost materials such as flexible or
glass substrates resulting in a higher cost of fabrication.

In this paper, we report a detailed investigation of the optimiza-
tion of parameters for the in situ synthesis of thin films with
high Ge content into SiO;. The Ge-nps were directly formed
during co-deposition of SiO, and Ge on substrates at 300, 400
and 500 °C, and no further thermal treatments were necessary
after the deposition process. The paper also reports the influ-
ence of film structure on electrical and photoelectrical proper-
ties. Finally, we demonstrate the feasibility of the procedure by
means of an Al/n-Si/Ge:SiO,/ITO photodetector test structure.
The obtained photoresponse gain is attributed mainly to the
Ge-nps packed into the SiO, matrix and to the conditions during
sample preparation, showing the direct connection between syn-
thesis and opto-electrical properties of the nanostructures. The
structures, investigated at room temperature, show superior per-
formance, such as high responsivity, fast response time and
great optoelectronic conversion efficiency over a wide opera-
tion bandwidth. Our deposition approach emphasizes the great
potential of Ge-nps embedded in SiO, thin films for hybrid inte-
gration, as they may be employed in structures and devices indi-
vidually or with other materials. This yields the possibility of
fabricating various heterojunctions on Si for the future develop-
ment of Si-based integrated optoelectronics.

Results and Discussion

In this section the results on structural, electrical and photoelec-
trical properties of Ge-nps embedded in SiO, thin film are sum-
marized. The influence of the temperature on the photodetector
test structure, fabricated on substrates at 300, 400 and 500 °C is
also described.

In Figure 1, the diffractograms recorded of thin films deposited

by RF magnetron sputtering on substrates at 300, 400 and
500 °C are presented. There are also represented the X-ray
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Figure 1: X-ray diffractograms of Ge:SiO thin films deposited at 300,
400 and 500 °C.

diffraction (XRD) patterns of cubic Ge (ICSD no. 79-0001).
Analyzing the obtained diffractograms, it is obvious that
Ge:Si0; films deposited at 300 °C are amorphous, while the
films deposited at higher temperatures (400 and 500 °C) have a
crystalline structure. The diffractograms of the films deposited
at 400 and 500 °C show a clear main reflection corresponding
to cubic Ge(111) and two smaller maxima corresponding to
cubic Ge(220) and cubic Ge(311). The average Ge-nps size of
about 5 nm formed in thin films deposited at 500 °C was esti-
mated using the Debye—Scherrer equation. An average differ-
ence of about 1 nm in Ge-nps diameter was observed for films
deposited at 500 °C and films deposited at 400 °C. The main
peaks are slightly shifted to smaller angles compared to the
ICSD patterns and these shifts decrease as the annealing tem-
perature increases. The shift of peaks position is widely debated
in scientific literature and it is partly attributed to the decompo-
sition of the mixed oxide of Ge and Si, (Ge,Si)O,, which helps
to reduce tensile strain in the layer [30,33].

In Figure 2, the results of high resolution transmission electron
microscopy (HRTEM) investigations of the Ge:SiO, thin films
deposited on Si substrates at 500 °C are presented. Selected area
electron diffraction (SAED) (Figure 2a) and HRTEM
(Figure 2b) demonstrate the <112> orientation of Ge-nps. The
HRTEM image in Figure 2c shows the spatial distribution of the
Ge-nps in the oxide matrix. The main reflections measured on
the central part of the SAED pattern correspond to cubic
Ge(111) and cubic Ge(220) (ICSD no. 79-0001) confirming the
existence of the crystalline phase. HRTEM images are used to
estimate the average size of Ge-nps (around 5 nm in this case).
Figure 2c reveals that Ge-nps are randomly distributed in the
SiO, matrix. The results of electron microscopy investigations
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Figure 2: HRTEM images of the Ge:SiOx thin film co-deposited on a
Si substrate at 500 °C: (a) corresponding SAED pattern; (b) close-up
of a Ge-np within the SiOx thin film; (c) spatial distribution of Ge-nps in
the oxide matrix.

performed on films deposited at 500 °C are in good agreement
with the XRD measurements.

To test the photosensitivity properties of the material employed
in the photodetector test structure, current density versus
voltage (J—V) measurements, in dark and under integral light
illumination were recorded in CMOS configuration. In the
drawing presented in Figure 3, the measurement set-up and
sample structure are described schematically. The active area of
the test photodetector is 9 mm?.

Characteristics recorded on structures containing Ge-nps in the

SiO, matrix, deposited at temperatures of 300, 400 and 500 °C,
are presented in Figure 4. As one can see, they show a signifi-
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Figure 3: Schematic of sample structure and electrical measurement.

cant increase of the photoresponse as the temperature during the
deposition increases. However, a smaller gap difference is ob-
served between the curves corresponding to structures obtained
at 400 and 500 °C. This suggests that the optimum substrate
temperature is around 500 °C. For all the investigated test struc-
tures voltages between —1 V to 1 V with 20 mV steps were
applied on the ITO contact while the n-Si substrate was
grounded. In this configuration, the bias voltage is applied
across the series combination of junctions, namely at the
ITO/Ge:SiO; interface, the Ge:SiO; film region, and the junc-
tion situated at Ge:SiO,/Si interface [34].

The rectifying behavior (102 rectification ratio at 1 V) observed
in the absence of light can be the result of the serial combina-
tion of these interface junctions that can act as rectifying diode-
like contacts. It is known that the chemical reduction of GeO,
plays an important role and represents the major mechanism to
produce size-controlled Ge-nps, embedded into a dielectric
matrix of stoichiometric SiO,. This determines the dark current
level (which should be as small as possible) whereas Ge:SiO,
layers with small oxygen deficit (x < 2) represent the favorable
components for photovoltaic applications, according to the anal-
ysis conducted by A. Nyrow and co-workers [35]. This ap-
proach is reported also in the research led by W. Little et al.
which assigns the light emission in Ge-nps to the presence of

oxygen-terminated nanoparticles [36].

In Figure 5, the transport mechanism that takes place in this
kind of structures is described schematically. In darkness, the
current behavior of the Al/n-Si/Ge:Si0,/ITO structure
(schematically presented in Figure 5) is determined by the elec-
trons tunneling from the ITO top electrode into the Ge-nps lo-
cated in the SiO, oxide layer and the electron transport in
Ge:Si0; film by a tunneling mechanism between neighboring
Ge-nps [9,37]. The investigated (Ge-nps):SiO; system behaves
like a resistor network where each Ge-np is connected with its
neighboring Ge-nps by a finite tunneling resistor. In this way,

the activated carriers in the Ge-nps would tunnel to the nearest
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Figure 4: Current density versus voltage characteristics in dark (empty
squares) or under integral light (filled squares). Characteristics re-
corded from structures with Ge-nps incorporated into SiO, thin films
deposited at different temperatures (a) 300 °C; (b) 400 °C; (c) 500 °C.

Ge-nps, following the path with the lowest resistance. A rather
similar transport mechanism was suggested as a result of the
analysis conducted by B. C. Hsu and co-workers [38]. When the
photodetector test structure is illuminated with integral light at
reverse bias, a significant increase of the current density by a
factor of about 103 is observed as a result of the separation of
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schematically.

electron—hole pairs generated in the Ge-nps and the Si substrate.
The obtained photoresponse gain factor increases from about
102 (at 300 °C) to about 103 (at 500 °C) with the temperature

increase during deposition.

Under illumination, electrons and holes are generated in the
Ge-nps and in the Si substrate and they move by tunneling be-
tween neighboring Ge-nps. During transport, the positively
charged holes are dynamically trapped within the Ge-nps incor-
porated into SiO, matrix improving the electron injection,
leading to an increase of negative photoconductivity [39].
Under forward bias, the characteristics remain roughly
unaffected.

Finally, to test the influence of Ge-nps, a reference structure
was deposited under the same conditions as above, maintaining
the total thickness of the oxide film and the structure, but with-
out Ge-nps incorporated into SiO,. The characteristic with the
largest increase of the photoresponse was observed for the
reference structure fabricated at 500 °C and it is presented in
Figure 6. It shows a very small increase of the current density
under illumination compared with dark conditions. The much
higher photosensitivity of the test photodetector-like structures
with Ge-nps embedded in SiO,, under normal environment
conditions, reveals the essential role of the Ge-nps in dramati-
cally improving the electro-optical parameters of the structure.

Figure 7a presents the spectral photoresponsivity Rgpectral calcu-
lated for —1 V bias over a wide range of incident light wave-
lengths (350—1500 nm) for Al/n-Si/Ge:SiO,/ITO structures with
the Ge:SiO; layer deposited at 300, 400 and 500 °C. The calcu-
lated value of Rgpectral represents the ratio between the photo-
generated current and the incident optical power (P;,) and it was

obtained using the following equation [40]:
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Figure 7: Photodetector responsiveness: a) spectral photorespon-
sivity, for Al/n-Si/Ge:SiO,/ITO and Al/n-Si/SiO5/ITO structures
deposited on substrates at different temperatures, under monochro-
matic light and -1 V external bias respectively; b) spectral detectivity
for Al/n-Si/Ge:SiO,/ITO structures obtained at different temperatures.
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where I, is the measured photocurrent under illumination and
P, is the optical power incident on the active area of the struc-
ture (measured with a power-meter LaserStar (Ophir) coupled
with a sensor 3A-P-SH-V1). Responsivity shows an increase
from approximatively 2 AW ™! to about 7 AW ™! depending on
the substrate temperature when fabricating the photodetector
test structures.

The calculated quantum efficiencies, QF, plotted in Figure 7a
with dotted lines, have values from 430% for structures pre-
pared at 300 °C to 900% for 500 °C. As a reference, an analo-
gous structure Al/n-Si/SiO,/ITO fabricated without Ge-nps in
the oxide thin layer shows a very weak absorption, with signals
obtained only in the wavelength range specific to Si. This can
be considered as a contribution from the substrate and SiO, thin
film, this phenomenon been known as negative photoconduc-
tivity [41]. Structures with Ge-nps embedded into the SiO,
layer exhibit a quite different spectral behavior. As a conse-
quence, the Ge-nps confined in the SiO;, matrix play a more im-
portant role in the measured broad photoresponsivity spectrum
towards low energy (an effect which is amplified as the size of
Ge-nps increase) [42-44] compared to the traps formed at the
interface between Ge-nps and the surrounding SiO; [45]. Such
increased responsivity (leading to QF higher than 100%) were
also observed and reported for other types of Si- or Ge-based
structures [15]. The increased current density and the high spec-
tral photoresponsivity can be the results of carrier multiplica-
tion in Ge-nps as suggested also by the analysis conducted by S.
Saeed and co-workers [46]. The carrier multiplication can be a
possible mechanism associated with excess electron injection
induced by the holes trapped in Ge-nps to explain the observed
responsivity increase [39]. In Figure 7b, the detectivity (D¥) is
presented in order to prove the ability of the photodetector
structure to detect weak optical signals. This was calculated

using the following equation:

1/2
D* _ A/ Rspectral _ Rspectral
- /2~ 1/2° @
(qudark ) (Zq‘]dark )

where 4 is the detector area, g is the elementary charge, and
T4ark and Jgark represent the dark current and dark current
density, respectively. The detectivity (D*) value is estimated
in the range of 10! Jones at about 1040 nm, which is compa-
rable with that of ZnO nanoparticles-based photodetectors
(D* = 3.4 x 1015 Jones at 360 nm) [47]. The broad wavelength
range (from about 450 to 1300 nm) together with the simple
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fabrication and low-cost process recommend the fabricated
photodetector test structure as very promising for future Ge-nps

based devices.

The response speed is one of the most important parameters of a
photodetector. As the photocurrents measured at —1 V on sam-
ples prepared at 400 and 500 °C have very similar values we
present in the following the response speed data obtained on the
samples deposited at 400 °C. Figure 8a presents the response
speed characteristics of the photodetector test structure fabri-
cated at 400 °C, exposed to pulsed NIR light (808.5 nm) with
different frequencies from 1000 to 4000 Hz.
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Figure 8: Photovoltaic response speed of the photodetector structure
(fabricated at 400 °C) under pulsed (Pj, = 7.6 mW) NIR light (808.5 nm
laser): (a) with frequency of 1000, 2000, 3000 and 4000 Hz; (b) the
relative balance (Vimax = Vmin)/Vmax versus switching frequency. The
inset represents the schematic setup used to investigate the time
response of the photodetector.

Light modulation was realized using a mechanical chopper and
the estimated photovoltage response speed is monitored by an

oscilloscope. At zero external bias, an optical incident power of
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7.6 mW and a frequency of 4 kHz the estimated rise time ()
and fall time (#) values are about 0.5 ps and 5.5 ps, respective-
ly. Rise time and fall time were estimated from characteristics
taking into consideration only the interval between 10% and
90% of the signal peak value.

For all switching frequency values, the response of the tested
photodetector structures is fast and shows a good repeatability
even at 4 kHz. Another result that comes to support the im-
proved photodetector properties of the tested structures is the
behavior of relative balance versus frequency as plotted in
Figure 8b. The relative balance of the tested photodetector
structure decreases only by about 1.5% over the whole investi-
gated frequency range (1-4 kHz), which is a good result com-
pared with other new materials and test structures reported in
literature (18% in the case of graphene monolayer/germanium
heterojunctions or about 13% for MoS,/Si heterojunctions)
[48,49]. This is an indication of the high quality of the materi-
als deposited by RF-sputtering for this experiment. The results
of response time measurements show that photodetector
structure as realized here is much quicker than Ge—graphene
based photodetectors (¢, = 23 us and #r = 108 ps) [48], MoS;-
based photodetectors (¢, = 3 pus and ¢ = 42 us) [49] or
Ge—graphene—ZnO heterostructure infrared photodetectors
(¢, = 40 ps and #;= 90 ps) [50]. More importantly, these are the
best results reported so far for photodetectors based on Ge-nps.
We attribute this relatively fast response to the extremely high
carrier mobility resulting from the high-quality material with
high crystallinity, a low density of trap centers, and a quick sep-
aration of huge amounts of photogenerated carriers by the built-
in electric field formed at the SiO,/Ge interface.

Conclusion

In summary, deposition parameters have been optimized to
nanostructure Ge:SiO; thin films during deposition at tempera-
tures lower than those necessary for nanostructuring Ge-nps by
thermal annealing after deposition. To optimize the substrate
temperature, Al/n-Si/Ge:SiO,/ITO photodetector test structures
have been fabricated by magnetron sputtering at low tempera-
tures of 300, 400 and 500 °C, and electrical and opto-electrical
parameters were investigated and compared. To emphasize the
contribution of Ge-nps, an analogous structure Al/n-Si/SiO,/
ITO was fabricated and the parameters were compared. It was
found that the best results were obtained when at a substrate
temperature of 500 °C during deposition. The Ge:SiO, layer has
a crystalline structure with Ge-nps of about 5 nm randomly dis-
tributed within the SiO, thin film. The Al/n-Si/Ge:SiO,/ITO
photodetector structure fabricated thereof shows very good
electrical and opto-electrical parameters at —1 V: a rectification
ratio of 102, a photoresponse gain factor of about 103, a respon-

sivity of about 7 AW, a quantum efficiency of 900%, f, and t;
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of 0.5 ps and 5.5 ps, respectively, and a decrease of relative
balance of only 1.5%. All these measured properties of the test
photodetector structure demonstrate the feasibility of this
method for fabricating, in a single step, high-quality Ge-nps
embedded in oxide thin films, suitable for applications in opto-
electronic devices.

Experimental

Si:Ge:O thin films have been deposited by magnetron sput-
tering, co-depositing SiO; and Ge from separate 3 inch targets
in a Surrey Nanosystems, Gamma 1000, sputtering equipment.
Clean 1 ecm? substrates of n-type Si(100) with a resistivity of
10-20 Q-cm were used and they were firstly degassed for 5 min
at 200 °C in vacuum. To obtain the desired Ge/SiO, (50:50)
concentration ratio on the Si substrate at a base pressure of
1 x 1077 Torr, the critical deposition parameters were finely
tuned around the optimized values of 4 mTorr Ar gas pressure,
30 W DC power for Ge and 262 W RF for SiO,, respectively.
During deposition the substrate holder was heated to different
temperatures of 300-500 °C and rotated for a more uniform
thickness. Under these conditions, the resulted film thickness is
about 250 nm after 30 min for deposition. For electrical, photo-
electrical and speed time response measurements, an alumini-
um (Al) continuous back electrode and a top matrix of indium
thin oxide (ITO) electrodes (9 mm? in size) using the shadow
masking technique were deposited by magnetron sputtering
(Varian ER3119) and e-beam assisted thermal evaporation
(Bestec), respectively. Ge:SiO, films were characterized using
an X-ray diffractometer (BRUKER-AXS with Cu Ka; radia-
tion of A = 0.15406 nm) and an advanced analytical atomic
resolution electron microscope (HR-TEM, JEM-ARM200F,
JEOL) for structural investigations. Electrical measurements
were performed using a set-up containing an optical cryostat
(Janis, CCS-450), electrometer (Keithley, 6517A) with built-in
DC voltage source and a temperature controller (Lake Shore,
331).

The photoresponse characteristics of the heterojunctions were
tested using two light sources. A Xe lamp of 450 W optical
power combined with a monochromator (Oriel, 1/4 monochro-
mator) for monochromatic light within the wide range from ul-
traviolet (UV), visible (vis) to near-infrared (NIR) and an
808.5 nm laser diode used as a stronger light source in the NIR
range. Reflectance spectra were obtained using a double beam
UV-vis—NIR spectrophotometer (250-3000 nm, Perkin Elmer
950) with specular reflectance accessory (B0086703) at a fixed
incidence angle (6°). The response speed of the photodetector
test structure was measured by combining a mechanical
chopper (Stanford, SR540) and a digital oscilloscope (LeCroy,
Wavelet 500 MHz) with a reference photodetector (Thorlabs,
PDA10CS-EC).
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